The massive spalling of Cu 3 Sn in the soldering reaction between high-Pb solders and Cu substrates was studied to identify the mechanism behind this rather interesting and frequently observed phenomenon. Four different alloys (99.5 Pb 0.5 Sn, 99 Pb 1S n, 97 Pb 3 Sn, and 95 Pb 5 Sn, in wt%) were soldered at 350 C for durations ranging from 10 s to 600 min. At low Sn concentration (0.5 or 1 Sn), massive spalling occurred as early as 20 min. However, at high Sn concentration (3 or 5 Sn), massive spalling was not completed even after 600 min. To the best of our knowledge, these results are the most detailed observations ever reported on the sequence of events that occur during massive spalling. The Pb-Sn-Cu phase diagram is used to rationalize the phenomenon.
I. INTRODUCTION
Solder alloys play an important role in electronic packaging; in particular, PbSn alloys are very frequently used for flip-chip applications. 1 During the soldering reaction, one or more intermetallic compounds are formed at the substrate-solder interface, and the integrity of these intermetallics has a profound effect on the reliability of the produced electronic devices. Recently, considerable attention has been paid to the massive spalling of intermetallics, that is, large-scale detachment of intermetallics from the interface during soldering or aging. Spalling has been observed in several substratesolder systems, for example, PbSn soldered on Ni, 2 SnCu on Ni, 3 SnAgCu on Ni, 4, 5 SnZn on Cu, 6 and PbSn aged on Cu. 7 A unified thermodynamic rationalization was subsequently proposed to explain the driving force behind the massive spalling in these systems. 8 According to this argument, if the most reactive constituent in the solder is present in a limited amount and if its concentration decreases below a certain level during the reaction, the original reaction product formed at the interface is no longer in local thermodynamic equilibrium with the solder. The original reaction product as a result detaches itself from the interface and spalling occurs. Because the amount of the most reactive constituent has a marked influence on massive spalling, it is desirable to quantitatively analyze the effect of reactive element concentration on massive spalling. In high-Pb solders, Sn is the reactive constituent, and the objective of this study is to understand the effect of Sn concentration on the massive spalling during the high-Pb/Cu soldering reaction.
II. EXPERIMENTAL
Rectangular Cu substrate plates of dimension 25 Â 10 Â 4 mm were mirror-polished on both faces, etched with 50% nitric acid to remove the surface oxide layer, and fluxed with a commercial mildly activated rosin flux in preparation for the soldering reaction. PbxSn solder alloys with four different Sn concentrations (x = 0.5, 1, 3, and 5 wt%) were prepared by first melting the pure elements in an evacuated quartz tube and then placing it in a furnace at 300 C for 1 wk for alloy homogenization. Elemental Sn and Pb with purity >99.99 wt% were used for alloy preparation.
Each solder bath was formed by placing 12 g of solder into a quartz tube of 10-mm inside diameter. Each fluxed Cu substrate was immersed in the fresh solder bath at 350 C. The reaction time ranged from 10 s to 600 min. After the reaction, the tube along with the solder was immediately quenched in water. Samples for cross-sectional examination were prepared by two techniques: (i) conventional metallographic grinding and polishing and (ii) ion-milling cross-sectional polishing (E-3500; Hitachi, Tokyo, Japan). The ion-milling polishing has the benefit of less sample damage but is more time consuming. The ion-milling polishing also does not require surface etching by any chemical reagents. The compositions of the phases were determined by a stateof-the-art field-emission electron probe micro-analyzer (FE-EPMA; JXA-8500F; JEOL, Tokyo, Japan).
III. RESULTS
The microstructure evolution of massive spalling for the reaction between 99.5 Pb 0.5 Sn and Cu is shown in Fig. 1 . The only intermetallic compound formed was Cu 3 Sn, according to the FE-EPMA analysis. The formation of only Cu 3 Sn and the absence of Cu 6 Sn 5 had been reported by many other researchers 1, 7 and can be easily understood with the help of the Pb-Sn-Cu ternary phase diagram. 1 The dark regions between Cu 3 Sn and Cu in Fig. 1 may look like voids or gaps but were in fact originally occupied by the Pb-rich phase (Pb). These Pb-rich regions were easily damaged during mechanical polishing and had to be etched away to adequately show the rest of the microstructure. To obtain the damage-free cross-sectional images, an ion-milling cross-section polisher was used to prepare the cross-sections. The ionmilled counterpart images to those shown in Figs. 1(b) and 1(e) are shown in Figs. 2(a) and 2(b), respectively. As can be seen here, the dark regions in Figs. 1(b) and 1(e) indeed matched the white regions in Figs. 2(a) and 2(b). These white regions were the Pb-rich phases (Pb), with only trace amount of dissolved Sn, as determined by FE-EPMA. The exact amount of Sn in (Pb) cannot be determined because the sizes of the Pb-rich phases were simply too small for accurate microprobe analysis. Figures 1(c)-1 (e) and 2(b) also show that there were regions of Cu substrate, labeled as (Cu), which had slightly lighter contrast compared with the rest of the Cu substrate. FE-EPMA analysis showed that all these parts of the images were caused by Cu-Sn solid solution. Their small sizes also precluded accurate compositional analysis. Figure 1(a) shows that small isolated Pb-rich regions had developed between the Cu 3 Sn layer and the Cu substrate during the very early stage of the reaction (10 s). These Pb-rich regions grew larger with increasing reaction time. They started to connect with each other, as shown in Figs. 1(b)-1(d), and eventually became a continuous layer between Cu 3 Sn and Cu, as shown in Fig. 1(e) . When the (Pb) became continuous, the process of massive spalling was completed. The results reported here are the most detailed observations ever reported in the literature on the sequence of events during massive spalling.
When the Sn concentration of solder increased to 1 wt%, the microstructure evolution was similar to that of 99.5 Pb 0.5 Sn, but the results are omitted here for the sake of brevity. Nevertheless, when the Sn concentration became higher (3 and 5 wt%), a Pb-rich continuous layer did not develop between Cu 3 Sn and Cu even after 600 min of reaction time, as shown in Fig. 3 . In fact, no (Pb) between Cu 3 Sn and Cu was observed after 2 min of reaction, as shown in Figs. 3(a) and 3(b) . It was not until 10 min of reaction time that a few small (Pb) could be observed, as shown in Fig. 3(c) . The fact that, for 5 wt% Sn, (Pb) was not observable for shorter reaction times leads one to speculate that, for the lower Sn content cases (0.5 and 1 wt% Sn), (Pb) might also be unobservable if the reaction time was <10 s. Another interesting observation was that high Sn concentration was able to retard or delay the occurrence of the massive spalling. For 5 wt% Sn, massive spalling did not occur even after 600 min of reaction, as shown in Fig. 3(e) . It should be emphasized that reaction time >5 min is rarely used in industry. The purpose of using these exceeding long reaction durations in this study is to provide more observations for uncovering the underlying mechanism. These observations are also helpful in establishing the safe outer limits before inducing any voids near the interface.
IV. DISCUSSION
During the soldering reaction, the Sn atoms in solder reacted with Cu to form Cu 3 Sn at the interface. If the amount of solder had been small, as in flip-chip solder joints, the Sn concentration in solder would have decreased as Cu 3 Sn grew thicker. Nevertheless, in this study, the amount of solder was purposely set to be large (12 g) compared to the amount of Cu 3 Sn formed at the interface. Consequently, the Sn concentration in solder stayed nearly constant. It was estimated that, at the most, <0.1 wt% of the Sn atoms in solder was consumed.
There is no experimental Pb-Sn-Cu isotherm at temperatures close to that of this study. However, Zeng and Kivilahti 9 calculated the Pb-Sn-Cu isotherm at 350 C using the CALPHAD approach. This isotherm is redrawn in Fig. 4 and will be used in the following discussion.
Although the kinetics of spalling is different for different Sn concentrations, with a slower kinetics for higher Sn concentrations, the sequence of events during spalling did seem to be the same in the entire Sn concentration range used in this study. Accordingly, in the discussion here, it is assumed that the spalling follows the sequence of events summarized below. When the solder came into contact with Cu, a layer of Cu 3 Sn quickly formed at the interface, producing the solder/ Cu 3 Sn/(Cu) materials sequence [see Figs. 3(a) and 3(b) ]. Here the notation (Cu) is used to represent the fcc Cu phase (pure Cu or Cu-Sn solid solution phase). The corresponding diffusion path is shown in Fig. 4(a) . As the reaction time increased, a (Cu) + (Pb) two-phase region appeared between Cu 3 Sn and Cu, producing the solder/ Cu 3 Fig. 4(c) .
Starting from the materials sequence solder/Cu 3 Sn/ (Cu), let us analyze the driving force for the formation of (Pb) regions between Cu 3 Sn and (Cu). At the early stage, because Cu 3 Sn was in direct contact with the Cu substrate, which was pure Cu initially, Sn in Cu 3 Sn would diffuse into the Cu substrate, turning pure Cu into the Cu-Sn solid solution (Cu). Nevertheless, for the entire concentration range of (Cu), only point A in Fig. 4(a) can be in equilibrium with Cu 3 Sn. The rest of (Cu) prefers to be in equilibrium with (Pb), as reflected by the (Cu) + (Pb) two-phase field in Fig. 4 . Accordingly, if the Sn concentration in (Cu) had not reached point A yet, (Cu) was not in local thermodynamic equilibrium with Cu 3 Sn. Two things could happen to bring the interface back to local thermodynamic equilibrium: (i) dissolving more Sn into (Cu) so that its concentration became point A or (ii) forming (Pb) phase next to (Cu). Because the diffusion of Sn in Cu was a slow process, the formation of (Pb) might actually be a faster route to bring the interface into local thermodynamic equilibrium. This was in fact what had happened, as was observed in this study. The way Pb atoms could penetrate the Cu 3 Sn layer without disintegrating it, forming (Pb) between Cu 3 Sn and (Cu), will be discussed next.
One puzzling observation in the massive spalling was the penetration of the solder atoms across the outer intermetallic layer without disintegrating the intermetallic layer into individual grains. [4] [5] [6] 8, 10 It is proposed that the Pb atoms penetrated the Cu 3 Sn layer through the triple junctions of three neighboring Cu 3 Sn grains. It is widely known that the grooving depth for the triple junctions is greater that the grooving depth of the grain boundary of two neighboring grains. Under the situation that the grooves of triple junctions reach the roots of the Cu 3 Sn grains but the grooves of the grain boundaries have not been reached, the molten solder can penetrate the intermetallic layer without disintegrating the layer into individual grains. It should be noted that cross-sectional views such as those in Figs. 1-3 only showed the microstructures in two-dimensional views. The triple junctions connecting those Pb-rich grains to the bulk solder might have located somewhere in the third dimension. A certain degree of chance was needed to observe these triple junctions. More experimental studies are needed to confirm whether this proposition is correct.
V. SUMMARY
The sequence of events during the massive spalling of the Cu 3 Sn layer in a bulk high-Pb soldering reaction with Cu was observed. This is the first time that the step-by-step process of massive spalling in any system has been recorded in such detail. The spalling started with the formation of small isolated Pb-rich regions between the Cu 3 Sn layer and the Cu. These Pb-rich regions grew larger with increasing reaction time and connected with each other to form a continuous layer between Cu 3 Sn and Cu. With the Pb-rich layer becoming continuous, the process of massive spalling was completed. The spalling process strongly depended on the Sn concentration in solder. For low Sn concentrations (0.5 and 1 wt%), the massive spalling occurred after 20 min, but for higher Sn (3 and 5 wt%), the massive spalling was not complete even after 600 min. It is proposed that the Pb atoms penetrated the Cu 3 Sn layer through the triple junctions of three neighboring Cu 3 Sn grains.
